ABSTRACT 22 23 Maternal diet and lifestyle choices may affect placental transfer of cobalamin (Cbl) to 24 the fetus. Fetal liver concentration of Cbl reflects nutritional status with regards to 25 vitamin B12, at low concentration current Cbl measurement methods lack robustness. 26 An analytical method based on enzymatic extraction with subsequent RP-HPLC 27 separation and parallel ICP-MS and ESI-Orbitrap-MS to determine specifically Cbl 28 species in liver samples of only 10-50 mg was developed using 14 pig livers. cobalt nor Cbl with fetal weight or weeks of gestation were found for the human fetal 36 livers. Although no gender difference could be identified for total Co concentration, 37 female livers were significantly higher in Cbl concentration (24.1 +/-7.8 ng/g) than 38 those from male fetuses (19.8 +/-7.1 ng/g) (p=0.04). This HPLC-ICP-MS method 39 was able to quantify total Cot and Cbl in fetus liver and it was sensitive and precise 40 enough to identify this gender difference. 41 42 43 INTRODUCTION 44 45 Vitamin B12 or cobalamin (Cbl) is an essential vitamin stored in the liver. 1 Cbl can 46 occur in different molecular forms from which only two, methyl-cobalamin (Me-Cbl) 47 and adenosylcobalamin (Ado-Cbl), are physiologically active. Me-Cbl is a cofactor 48 for enzymes in the Carbon-1 metabolism, while Ado-Cbl is a cofactor for enzymes 49 involved in 1,2 H-shifts and transfer of an electronegative group to the neighboring 50 carbon atom. Although the majority of vitamin B12 is stored in the liver, the 51 concentrations are at the ultra-trace level. 2 The methods routinely used to determine 52 vitamin B12 status are either based on microbiological or immunoenzymatic 53 determination of Cbl in serum and have been criticized for their overestimation or 54 failure to determine low levels of Cbl and their lack of precision. 3, 4 Analytical 55 methods for Cbl determination based on chromatography coupled to ICP-MS or ESI-56 MS have been reported but so far mainly used for food-supplements. 5, 6, 7, 8 An 57 analytical method based on thermal acidic denaturation with liquid/liquid extraction 58 of beef liver with subsequent RP-HPLC separation of the main four Cbl species with 59 ESI-MS detection showed promising results for the determination of Cbl in liver 60 samples. 9 The sensitivity and specificity of this method though needs improving due 61 to the small size of tissue samples available from the human fetus and the extraction 62 needs to be confirmed by using a complementary direct speciation method such as 63 EXAFS and XANES. 10 and stored at -85°C. All morphological data were from the same study as published in 128 Drake et al. 11 and are summarized in Table 1 . 129 130 
Optimization of extraction method 140
All solutions were handled under dim light conditions. Cbl was extracted from 141 homogenized freeze dried liver samples using a method modified from Rappazzo et al. 142 (12) . To 50 mg liver 10 µL potassium cyanide solution (1 % w/v), 500 µL buffer (50 143 mol L -1 sodium acetate pH 5.0) and varying amounts of papain were added. In the 144 optimized final method 5 mg papain was added. The solutions were incubated at 145 different temperatures and for different time periods and centrifuged after cooling in 146 order to optimize the extraction efficiency with regards to total Cbl. The supernatant 147 was stored at 4 o C in the dark until analysis. Table S1 . To allow quantification the reversed phase HPLC-165 ESI-MS was also linked to an ICP-MS. The HPLC flow was split before the UV-166 detector with a ratio of 3:1 (ESI-MS: ICP-MS), the continuous internal standard (Rh) 167 used for ICP-MS was added via a T-piece before the ICP-MS nebulizer to correct for 168 matrix changes. Parameters are listed in Table S1 and further description of the split 169 set up can be found by Bluemlein and co-workers. 13 170
Synchrotron XRF mapping and µXANES speciation of Cobalt 172
Synchrotron based X-ray fluorescence (XRF) was used for mapping Co distribution in 173 shredded freeze-dried pig liver samples. The samples were prepared as thin pressed 174 pellets. Elemental maps were collected at beamline 20-ID (PNC/XOR) at the 175 Advanced Photon Source (APS), Argonne National Laboratory. 176
The electron storage ring operated at 7 GeV. A nitrogen cooled Si(111) double crystal 177 monochromator, calibrated using a cobalt metal foil, was used to generate the X-ray 178 beam. The fluorescence signal was collected using a 13-element Ge detector 179 (Canberra). Four maps of (1. [M+1] 2+ by ESI-MS (Figure 1a-b) . It can be seen that the ICP-MS Co response did 221 not change significantly during the chromatographic run although a gradient 222 programme was used (Figure S1 ). This behavior is in contrast to what has been 223 observed for arsenic or sulphur, 15 because Co does not benefit from the carbon 224 enhancement effect since it is already fully ionized in the plasma. The response factor 225 for the Orbitrap varied considerably depending on species as indicated in the different 226 peak heights (Figure 1a) . Using the elemental calibration (Figure S1a-b (Figure S3) . Spiking of all four Cbl species into the pig liver 259 sample revealed also that the Me-Cbl and Ado-Cbl transferred mainly to HO-Cbl 260 rather than unbound not retarded Co. Hence, the reliable quantification of the two 261 bioactive Cbl species was not possible. Since the aim is to have a sensitive method for 262 total Cbl in contrast to any non-Cbl (inorganic Co), we tested the CN-Cbl method 263 when all the Cbl species should be converted quantitatively as CN-Cbl (Figure S4) . 264
This method was originally developed for the extraction of Cbl species from serum 265 Co species was unknown the extraction method for Cbl was further optimized in order 295 to prevent potential loss of Cbl species in the liver samples by varying the papain 296 amount, the temperature and incubation time. The optimized extraction efficiency was 297 71 ± 28 % (n=4) of cobalt using between 10-50 mg liver 5 mg papain with 3 h 298 incubation at 37 o C. (Figure S5) . Although the spiked Cbl gave an excellent precision 299 of +/-2%, the precision of the intrinsic Cot in the liver was higher (+/-40 %) at the 300 level of 4 µg Co as Cbl/g. This indicate that the liver samples were not homogeneous 301 with regards to the Cot when only 10-50 mg samples were taken. Hence, the 302 homogeneity of the sample was investigated by using the XRF mapping (objective 3). 303 304 Using 3 times the standard deviation (SD) of the blank level, and a sample mass of 50 305 mg d.m., the method for has a detection limit of 0.18 ng/g d.m. for Cot, while for the 306 speciation for total Cbl a lower detection limit of 0.88 ng Co/g d.m. was established. about 3 ng Co as Cbl/g d.m. liver. This means that the described analytical method 309 was capable to detect between 10-50 pg Co as Cbl (depending on the weight of the 310 sample). This is superior to all so far described methods. 2, 9, 12 This should be lower 311 than the expected levels of those analytes in human fetal liver. considerable variability (Figure S6 and S7) . This may suggest that cobalt is 360 heterogeneously distributed throughout the pig liver especially if only a small sample 361 is taken, which would be unexpected for physiologically regulated Cbl. 362
363
To shed more light on the heterogeneity of Co and Cbl in the liver and whether Cbl 364 species transformation had taken place during the sample preparation, i.e. the release 365 of cobalt from the corrin ring, XRF mapping of the pig liver and subsequent μXANES 366 was used for unspiked pig liver samples which showed qualitatively the occurrence of 367
Ado-Cbl. The challenges to overcome were first the low concentration of cobalt < 0.1 368 mg/kg and the interference of the Fe Kβ fluorescence, which overlaps with Co Kα. 369 Therefore Fe and Co were measured simultaneously and every pixel was corrected 370 using Co Kα -Fe Kα/Kβ resulting in a cobalt specific map of the liver sample. The 371 results clearly indicated the presence of Co in small hotspots (approximately 10 to 30 372 μm in size) throughout the samples (Figure 4 and S9) . The XANES spectra of the 373 cobalt hotspots seems similar to inorganic Co +II and Co +III compounds and 374 distinctively different from the XANES spectra of cobalamin standards characterized 375 by a double feature in the main absorption peaks (Co +II/III ). Although the nature of 376 these hotspots are unknown, it is not inconceivable that these hot spots are the result 377 of absorbed cobalt containing particles. This explains would explain the heterogeneity 378 of Cot but the homogenous distribution of Cbl. Due to the above mentioned Fe 379 interferences in these samples, a homogeneously low distribution of cobalamin in the 380 sample would not be detected either by XRF or μXANES. However, XANES and 381 XRF analysis suggests that the majority of Co in the pig livers were not in the form of 382 Cbl but rather in the form on unbound Co +II . Therefore, this confirmed the relatively 383 low extraction efficiency of Cot (70-80%) combined with the high recovery of spiked 384 Cbl species. Hence, the described methodology with a low limit of detection (< 1 ng 385 Co as Cbl/g d.m.) and its precision of < 5% and its accuracy of 94% it was suited to 386 use for the determination of Cbl in fetal liver samples. (resolution of about 20 µm with the µXANES spectra taken at the hotspots (b) in 392 comparison to the XANES spectra of four different cobalamin standards. 393 394
Cbl concentrations above the detection limits. The first results of the study has been 398 published partly by Drake et al. 11 with regards to lifestyle influence on the Cbl 399 concentration in the fetal livers without describing the analytical method in detail. 400
Here, we describe the analytical method capable of measuring Cbl with high 401 sensitivity and precision and subsequent aspects of the study which enabled us to look 402 at a part of the study which was previously not described. 403
There was no correlation between weight and the Cot concentration neither was a 404 significant gender difference found (unpaired two-way ANOVA, p=0.082). The Cot 405 concentrations were comparable with those reported in by Caldas and Dorea. 1 When, 406 however, the Cbl concentration was measured, a significant gender difference could 407 be established (two-way ANOVA, p<0.05). The Cbl concentration in the female liver 408 of non-smoking mothers was 643 ± 48 ng Vitamin B12/g dm, whereas male fetal liver 409 of non-smoking mothers contained 497 ± 51 ng Vitamin B12/g. The reason why there 410 is a gender difference is still unclear and how the C1 metabolism of the fetus is 411 influenced when the mother smokes has been discussed elsewhere. 11 The data also 412 indicate that the vitamin B12 concentration correlates linearly with the Cot 413 concentration in the liver of the fetuses independent on the gender (P<0.001) ( Figure  414   5 ).However, even if the correlation is significant the variability was still very large 415 within the data set and a precise measurement of Cbl needs to rely on direct 416 measurement rather than interpolation from total Co (Figure 5) . 
